ABSTRACT
laboratory-based annular flume with the objective of investigating the parameters controlling the stability of a 23 sediment bed. To mimic recent deposition of particles following large storm events and the longer-term result of 24 the incorporation of fines in coarse sediment, we designed two suites of experiments: (1) "the layering 25 experiment": in which a sandy bed was covered by a thin layer of silt of varying thickness (0.2 -3 mm; 0.5 -3.7
26
wt %, dry weight in a layer 10 cm deep); and (2) "the mixing experiment" where the bed was composed of sand 27 homogeneously mixed with small amounts of silt (0.07 -0.7 wt %, dry weight). To initiate erosion and to detect 28 a possible stabilizing effect in both settings, we increased the flow speeds in increments up to 0.30 m/s. Results
29
showed that the sediment bed (or the underlying sand bed in the case of the layering experiment) stabilized with 30 increasing silt composition. The increasing sediment stability was defined by a shift of the initial threshold 31 conditions towards higher flow speeds, combined with, in the case of the mixed bed, decreasing erosion rates.
32
Our results show that even extremely low concentrations of silt play a stabilizing role (1.4% silt (wt %) on a 33 layered sediment bed of 10 cm thickness). In the case of a mixed sediment bed, 0.18% silt (wt %, in a sample of 34 10 cm depth) stabilized the bed. Both cases show that the depositional history of the sediment fractions can 35 change the erosion characteristics of the seabed. These observations are summarized in a conceptual model that 36 suggests that, in addition to the effect on surface roughness, silt stabilizes the sand bed by pore-space plugging 37 and reducing the inflow in the bed, and hence increases the bed stability. Measurements of hydraulic 38 conductivity on similar bed assemblages qualitatively supported this conclusion by showing that silt could 39 decrease the permeability by up to 22% in the case of a layered bed and by up to 70% in the case of a mixed bed. Zajac et al. 1998) . In more applied 57 cases, coastal engineers and managers rely on these predictions to manage port developments (drilling and 58 dredging activities) and maintain navigation routes.
60
The threshold beyond which particles move is reached when the instantaneous fluid force (F F ) is larger 61 than the resistance force (F R ) of the grain, which is a function of the particle weight (F G ), the particle angle of 62 repose (φ), the lift force (F L ), and the drag force (F D ) (Allen 1970; Komar 1987; van Rijn 2007) . This "initiation 63 of motion" is classically defined by the empirically derived Shields curve (Shields 1936) as when the bed-shear 64 stress exceeds the critical threshold for that particle size. The Shields curve was derived for uniform, sediment compositions after removal of the sand fraction (Torfs 1997) . The cause of these changes in 73 entrainment characteristics towards higher bed stability in finer fractions is the influence of cohesion and 74 biostabilization (Whitehouse et al. 2000) . As shown by many studies on muddy, clay-rich sediments, cohesion
75
(caused by electrostatic forces) binds together the clay minerals and increases the erosion resistance significantly traditional relationships derived by Shields (1936) and Hjulström (1935; 1939) . Recent studies on the threshold 
94
Laboratory experiments have shown a transition from noncohesive to muddy cohesive sediment with higher clay 
99
(by weight) to pure sand caused an order-of-magnitude increase of the critical bed shear stress. In general, the 100 maximum value for increasing the critical bed shear stress depends on the grain size, porosity, and density of the It is not only the cohesive properties of the finer fraction in mixed grain beds that causes the change in 103 erosion behavior of the bed, but also the construction and packing of the bed and the existence of "network 104 structures" (Whitehouse et al. 2000) . At the surface of the sediment, fine grains can rest in the interstitial spaces 105 of the rougher coarse grains, and thus be protected from erosion by the coarser grains (Komar 1987 ). This effect 106 has been shown to be enhanced with increasing difference between the grain size of the two size fractions (NiÑo 107 et al. 2003). However, most research has focused on the influence of the finer fraction on the erosion properties 108 of coarser fraction. Mitchener and Torfs (1997) showed that sand stability increased when adding clay because 109 the binding between the clay particles causes a denser matrix composition, which raises the erosion resistance.
110
They demonstrated that the clay particles generated a cage-like network fully encompassing the sand grains.
111
Consequently, the increased erosion resistance was a result of the binding influence and the developed clay cage. 119 Torfs et al. 2000) . However, the influences of sediment texture and the pore-space-filling network ("network 120 structures") on the entrainment behavior of the sediments are not fully understood.
122
The literature on mixed sediments (sand and mud) suggests that clays are thought to be the only relevant 123 factor in increasing the erosion resistance and hence the bed stability, due their cohesive properties and the 
145

METHODS
146
Sediments
147
All sand used in the experiments (sampled from Pauanui Beach, New Zealand, 37°0'41.48" S 148 175°51'58.03" E) was dry sieved to 300 µm (D 50 , average grain diameter) ranging from 210 to 310 µm; using an
149
Endecott's sieve shaker, whereas the silt (sampled from Waikareao Estuary, Tauranga Harbour, New Zealand, 150 37°41'42.98" S 176°9'11.80" E) component was extracted from the bulk sample by wet sieving to D 50 = 55 µm.
151
Wet sieving had only a limited ability to constrain the size fraction, and the grain-size distribution of the silt 
Annular Flumes
156
The experiments were carried out using an annular laboratory flume (Figure 2 
Experimental Procedure
175
We designed two suites of experiments (summarized in 
178
In Phase I the bed was allowed to settle and consolidate, and in Phase II, the velocity in the annular flume was 179 increased to cause erosion. In each experiment the bed was prepared by creating a sediment bed 5 cm thick in the 180 flume (sand in experiment 1, sand-silt mixture in experiment 2). After filling the channel with sediment, the bed 181 was saturated with saltwater.To minimize any variations in surface elevation, which may promote the onset of 182 erosion and add variability to the experiments, the bed was flattened by a scraper (sand bed in experiment 1,
183
sand-silt mixture in experiment 2) before filling the flume. In the layering experiment the sand bed was scraped 184 smooth prior to the sedimentation of the silt layer, and in the "mixed" treatments bed flattening occurred 185 immediately after the sediment was placed in the flume. A sheet of bubble-wrap plastic, cut to the dimensions of 186 the channel, was placed on top of the sediment to ensure that the bed was not disturbed by the inflow as the tank 187 was filled. Subsequently, the motor, the OBS, and the rotating lid were installed.
188
During Phase I of each of the layering experiments, the six bed treatments were constructed by allowing 189 29, 118, 235, 353, 471, and 941 g/m² of silt to deposit in a thin layer on the bed ranging from 0.2, 0.6, 1.1, 1.8,
190
2.2, and 3 mm respectively. The ranges were chosen so that the lower levels (29; 118 g silt/m²) would fill the 
210
Photographs were taken at the beginning and end of the experiment, and video footage was collected 211 during each experiment. This allowed qualitative observations of the erosion state of the bed, the formation of 212 bedforms (the destabilization of the bed), the time that the surface silt layer was completely eroded, and the time 213 at which the sand was first entrained from the bed. In these visual observations we defined "stable" as a bed in 214 which the sand fraction was not mobilized at the highest flume flow velocity tested (0.30 m/s).
215
Near-Bed Hydrodynamics
216
We mapped the boundary-layer dynamics of three of the layering experiments (pure sand; 29 and 941 
237
In small annular flumes such as those used in these experiments, secondary flows are generated. The 
250
We constructed one example of each treatment and averaged several reading per core to estimate k.
251
Data Analysis
252
The stabilizing influence of silt on sand beds was analyzed by comparing the relationships between the 253 suspended-particulate-matter concentrations (SPM), erosion rates, and critical bed shear stresses. OBS (mV) was 254 converted to SMP (mg/l) using empirically derived relationships for each experiment. 
268
RESULTS
269
Overall, the results show that silt increased the erosion resistance of the underlying sand (layering 
281
In both the layering and mixing experiments, the hydraulic conductivity decreased with increasing silt 282 quantities, but the effect was greater in the mixed treatments (Table 2) 
The Layering Experiments
288
The change in suspended-sediment concentrations observed throughout the layering experiments as the 289 flow speed increased (Phase II) are presented in Figure 4A . SPM concentrations decreased slightly below < 0.15 290 m/s because silt particles were still being deposited. At 0.15 m/s silt began to erode in all treatments ( Figure 4A ).
291
After this critical threshold for initiation of silt erosion was exceeded, two classes of erosion behavior at silt showed that the silt increased the threshold where the underlying sand began to move significantly (yellow, blue,
296
and black lines in Figure 4A and Table 2 ). Visual observations indicated that the thicker the layer of deposited 297 silt, the higher the threshold for sand movement. Therefore, the threshold for initial sand erosion was shifted to 
304
4A towards the end of the experiments.
305
The erosion rates of the low-silt layering runs have three stages ( Figure 5A ). Note that the erosion rates 
313
In contrast, the high silt concentrations ( Figure 4A , brown, red, and green lines) stabilized the sand bed 
331
The erosion rates for the "high" (353 g/m², 471 g/m², and 941 g/m²; brown, red, and green lines) silt 332 layering runs differ from the pattern of the erosion rates for "low" silt concentrations in that the previously 
342
From visual observations it was determined that in the case of the pure sand bed the tested bed shear 343 stresses resulted in primarily bed-load transport. In this case, the sand was not resuspended to the height of the experiments. In contrast, the 1200 g/m³ runs were characterised by a low erosion rate and minor changes in 374 SPM.
375
The erosion rates calculated from the mixing experiments ( Figure 5B ) highlight the effect of a 376 decreasing erosion potential during higher current velocities by increasing silt concentrations in the bed.
STABILIZING INFLUENCE OF SILT ON SAND BEDS 14
Experiments with "low" silt concentrations ( Figure 5B , black line) are characterized by a continuous rise of the 378 erosion rates. Silt began to be eroded at 0.04 N/m² and was followed by sand erosion beginning at 0.08 N/m². In 379 comparison, in "high" bed-silt concentrations ( Figure 5B , blue, yellow, and brown lines), the erosion rate of the 380 300 and 600 g/m³ experiments peaked between 0.04 N/m² and 0.06 N/m², followed by a decline towards zero.
381
Visual observations indicated at this stage that no more additional silt was suspended. Suprisingly, even up to 382 bed shear stresses of 0.1 N/m², the erosion rates for the highest bed-silt concentrations (1200 g/m³) show only a 383 minor increase in SPM. Further, the erosion rates of the mixing experiments are compared with the predicted 384 erosion behavior of pure silt (black dashed line in Figure 5B ) and sand (black dashed and dotted line). The 385 results show that the erosion characteristics of the mixed bed lie approximately between the predicted erosion 386 rates for pure sand (dashed line, Figure 5 ) and pure silt (dash-dot line in Figure 5 ). At high bed shear stresses, the 387 mixed sediment bed erodes at a lower rate than expected for a pure sand bed.
388
DISCUSSION
389
The annular-flume experiments show that silt either deposited on top of a sand bed or mixed into a sand 390 bed has a stabilizing effect on the sand bed. The threshold conditions for initiation of motion of sand were 391 shifted to higher flow speeds for beds containing silts compared to initial threshold conditions for a pure sand 392 bed. Even a relatively small amount of silt that was either deposited out of suspension (1.4 silt wt %) or mixed 393 into the sediment bed (0.18 silt wt %) induced sediment stabilization. Furthermore, the measurements of 394 hydraulic conductivity showed a significant decrease in permeability in mixed sand-silt beds (Table 2) .
395
Therefore, our results show that even minor changes to the silt composition of the bed, and the distribution of the 396 silt within the bed, can cause dramatic changes to the erosion rates and to the hydraulic conductivity, and hence, 397 increase the bed stability. These changes to erosion rates encompass the entire range between predicted rates for 398 pure sand and pure silt. 
417
The cohesive silt particles < 20 μm (1.9 vol. %) and cohesive clays < 2 μm (1.2 vol. %) were only a minor part 
436
into the matrix of the coarse sand bed, the distances between the coarser grains is increased due to the filling of 437 the pore space with finer particles, slightly increasing the pivoting characteristics, i.e., particle angle of repose.
438
So when finer particles were included in the pore spaces, the bed was more resistant to erosion. In addition, we suggest that the filling would also decrease the surface roughness of the bed by filling in the hollows between 
446
A conceptual model that highlights our understanding of the stabilizing influence of silt on sand bed is 447 presented in Figure 6 . This is based on former studies which suggested that fine particles fill the voids between 448 large grains to generate a more densely packed matrix affecting the erosion threshold. Our experiments can be 449 analyzed in more detail within the framework of this conceptual model. 
468
inhibits flow through the bed, may also influence these higher bed-silt concentration more. This is supported by the dramatic drop in hydraulic conductivity at these silt concentrations (Table 2) . However, we do not have 470 direct evidence of the effect of silt on bed roughness, so this interpretation remains conjecture at this point.
471
Blocked Pore Spaces
472
When the easily available silt was eroded from the bed (either from the surface layer or from between 473 the surface grains), the erosion characteristics depended on how the silt was incorporated into the bed. In this 474 case, the bed was stable when silt was contained within the pore spaces of the sand (Figure 3 ; 2B and 4B), and 475 the flow that normally occurs between the sand grains (and helps the entrainment processes) was blocked. This 
490
In terms of the layering experiments, possible evidence for the existence of the blocked inflow is that Figure 5A ). This increase
494
in the effectiveness of the blocked layer may be due to the internal compaction within the pockets, which may 495 have more of an effect when the initial silt layer is thicker. It could also be that the underlying sand bed is 496 exposed at higher flow speeds when the initial silt layer is thicker, and so the higher flow speeds might cause 497 structural strengthening of the blocked layer. Therefore, a possible explanation could be that the "blocked layer"
498
either becomes thicker or increases in depth and so is more pronounced, causing a higher stability due to denser 499 network structures (Torfs 1997 ).
The SPM concentration differences between the 471 g/m² and 941 g/m² runs ( Figure 4A ) of the layering 501 experiments could be explained by the evolution of a blocked layer. We assume that at higher flow speeds the 502 hydrodynamic pressure on the layer forced the silt particles to migrate in the pore space of the underlying sand 503 bed. In the case of an initial thicker silt layer, i.e., the 941 g/m² run, (Figure 3; 2A) , additional sediment loading 504 might enhance this effect, and hence, could cause structural strengthening. A possible explanation could 505 therefore be that the "blocked layer" becomes thicker, causing higher stability due to denser network structures 506 (Torfs 1997 ), similar to self-weight consolidation processes, which have been observed to decrease erosion 507 potential (Whitehouse et al. 2000) . It is interesting to note that a surface silt layer caused only a small decrease in 508 hydraulic conductivity (Table 2 ) compared to the case of a mixed bed. This might be because without the 
513
In cases when a very thin layer of silt is deposited on top of a sand bed (Figure 3; 1A) , and also when 514 only a small amount of silt is incorporated into the bed (Figure 3; 2A) , the bed destabilizes and is eroded at the 515 higher flow speeds (compare with bed forms in Figure 3 ; 1B, 2B). This could be caused by an "undersaturated"
516
pore space ( Figure 6A ) where silt was deposited or mixed ( Figure 6C ) in concentrations too small to be able to 517 fill the pore space of the sand bed. Consequently, silt was immediately eroded and was not able to protect the 518 exposed sand grains from inflow (deep flow vectors in Figure 6A and 6C). Moreover, the sand grains were more 519 exposed to the flow (i.e., surface appears rougher in Figure 3 ; 1A and 3A), which would cause rougher surface 520 texture, which in turn would enhance inflow into the sediment bed and increase the likelihood of sand erosion
521
( Figure 6A and 6C). This was also supported by relatively high values of hydraulic conductivity. It is interesting 522 to note that when silt was removed (yellow, blue, and black lines in Figure 5A ; and black line in Figure 5B ), the 
542
CONCLUSIONS and OUTLOOK
543
We designed two suites of experiments to investigate the influence of silt stabilization on a sand bed:
544
(1) the layering experiment, where a sandy bed was covered by a thin layer of silt of varying thickness, and (2) 545 the mixing experiment, where the bed was composed of sand mixed with small amounts of silt. All samples were 546 tested in an annular flume for their stability effects using incrementally increasing flow speeds up to 0.30 m/s.
547
Our results show that a silt layer that was deposited on top of a sand bed stabilized the bed when the 548 concentration was less than 353 g/m², which corresponds to 1.4% silt (wt %). In contrast, a silt mixed sediment 549 bed was stabilized within a minimum concentration of 300 g/m³, i.e., 0.18% silt (wt %). Therefore, the 550 stabilization behavior is sensitive to how the silt is distributed within the bed. Furthermore, we could show that 551 much lower silt concentrations are required to stabilize a sand bed in comparison to studies on muddy cohesive 552 sediments. We suggest that the bed stabilization is controlled by the amount of silt which was filling the pore 553 space i.e., "pore-space blocking" of the sand bed and the influence of silt on bed roughness. The effect of pore-554 space blocking could possibly be caused the development of a horizon of the "blocked layer" which blocked the 555 inflow into the sediment bed, maintained smooth surface conditions, and hence caused sediment stabilization.
556
However, more research on the stabilizing process of silt and sand compositions and establishment of the 557 "blocked layer" needs to be undertaken, especially on micro scale level, which could be accomplished by high- 
563
Given that the bed stabilization is highly sensitive to small silt concentrations, manipulating the layering 564 structure may be a useful tool for the dredging and sea-bed structure industry in order to stabilize dumped 565 sediment at the seafloor. Often when obtaining bed samples in the field (e.g., from grab samples or even short 566 cores), the surface structure is destroyed and even homogenized during sampling. If we were to take a surface 567 grab sample of 10 cm depth of a sediment bed and measure the composition of the disturbed sample (in which 568 the original structure was destroyed) this minimum condition for stabilization in each case would correspond to 569 1.4% silt (wt %) for a layered sediment bed and 0.18% silt (wt %) for a mixed composition. An understanding of 570 the layering structure and its role in controlling sediment stabilization not only has engineering applications, but 571 many benthic fauna rely on the ability to access water-column nutrients and remove excreted material through 572 movement of water through pore spaces, and the pivotal role of silt in blocking this process highlights the danger 573 of natural and anthropogenically driven shifts to the particle size distribution of inputs of terrestrial sediment to 574 estuaries.
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causing a blocked inflow "blocked layer". 
